Mechanical stimulation to bones affects bone formation such as decrease of bone mass of astronauts under zero gravity, walking rehabilitation to bone fracture and fracture repair with ultrasound devices. Bone cells have been reported to sense and response to mechanical stimulation at cellular level morphologically and metabolically. In the view of mechanical vibrations, bone cells are deformed according to mechanical stimulation and their mechanical characteristics. In this study, sinusoidal inertia force was applied to cultured osteoblasts, which are a kind of bone cells, and effects of frequency and acceleration amplitude of mechanical vibration on the cells were investigated in respect of the cell proliferation, bone matrix generation and alkaline phosphatase (ALP) gene expression. The results to be obtained are as follows. The significant difference of cell density and bone mass generation between the non-vibrating and vibrating groups is found. ALP gene expression shows a peak to frequency at 50 Hz and the value of it is approximately 4.5 times as high as that of the non-vibrating group in the case of the acceleration amplitude of 0.5 G. ALP gene expression at 0.5 G is significantly larger than at 0, 0.125 or 0.25 G in the case of the frequency of 50 Hz.
Introduction
Mechanical stimulation to bones affects bone formation such as decrease of bone mass of astronauts under zero gravity (1), (2) , walking rehabilitation to bone fracture (3) , (4), (5) and fracture repair with ultrasound devices (6) . Bone cells have been reported to sense and response to mechanical stimulation at cellular level morphologically and metabolically from 1970s (7) . In progression of the biochemical field, signal transduction mechanisms of mechanical stimulation in cells have been researched under pseudo physiological stimulation such as hydrostatic pressure, shear stress in fluid flow and deformation of cellular matrices from 1980s (8) , (9) , (10) , (11) . It is very important and many useful results have been obtained, but there are not so many researches in which cells are dealt with as dynamic structural systems composed of some mechanical elements such as cytoskeleton, cytomembrane and focal adhesions in the view of mechanical vibrations. Since bone cells are deformed according to mechanical stimulation and their mechanical characteristics, there should be the most effective amplitude and frequency on bone formation. However, they have not been identified and mechanism of promotion of bone formation by mechanical stimulation has not been so understood. In this study, sinusoidal inertia force was applied to cultured osteoblasts, which are a kind of bone cells and generate bone matrices, and effects of frequency and acceleration amplitude of mechanical vibration on the cells were investigated in respect of important osteoblast activities; cell proliferation, bone matrix generation and alkaline phosphatase (ALP) gene expression.
Materials and Methods

Cell Cultures
MC3T3-E1 (Riken) (12) , (13) , which is an osteoblast-like cell line derived from mouse calvaria, was cultured in alpha-minimum essential medium (Gibco) supplemented with 10 % fetal bovine serum (Equitech-Bio, Inc.). 50 µg/ml ascorbic acid (Wako Pure Chemical Industries, Ltd.) and 2mM β-glycerophosphoric acid disodium salt (NACALAI TESQUE, INC.) were also added in this medium to promote mineralization of the cells. Fresh medium was replaced every 3 or 4 days. The cells were maintained at 37 °C in a fully-humidified atmosphere of 5 % CO 2 in air. The cells after 8 th passage were used for the experiment.
Experimental Setup
Figure 1 shows a schematic diagram of the experimental setup. A 24 well culture plate is attached on an aluminum plate which is set on an electromagnetic exciter. A signal generator outputs a sinusoidal signal to a power amplifier and it is amplified and input to the exciter. The culture plate is excited perpendicular to the cultured plane with cells adhering. Mechanical vibration is uniformly applied to all cells and the effect of the vibration on cells can be precisely evaluated because the aluminum plate has enough stiffness not to resonate with excitation frequency in the range of the experimental condition.
Experimental Methods
Cells were seeded in culture plates at the density of 8×10 3 cells/ml. After cells were cultured for one day and adhered on the cultured plane in a CO 2 incubator, vibrating groups of the culture plates were set on the aluminum plate of the experimental setup and cultured under sinusoidal excitation in another CO 2 incubator separated from non-vibrating (control) groups of the culture plates. Acceleration amplitude was set to 0.125, 0.25 or 0.5 G and frequency was 12. systematically. The force to the cells by the sloshing of medium was calculated using finite element analysis. As a result, the force perpendicular to the cultured plane predominantly acted to the cells compared with parallel at each frequency of the experimental condition. Time evolution of cell density was obtained by counting the number of cells with a hemocytometer. Calcium salts generated by cells were observed by being stained with alizarin red S solution under a phase contrast optical microscope and their images were captured with a CCD camera and fed to a personal computer. The vibrating groups for cell proliferation and calcium salt generation were excited for 24 hours a day during 28-day cultivation.
Gene expression of alkaline phosphatase (ALP) was measured by a real-time RT-PCR (reverse transcription-polymerase chain reaction) method. ALP is one of marker enzymes of bone formation and mineralization ability of cells can be obtained by measuring it. After the vibrating groups for the PCR were excited for 7 days, the total RNAs were extracted from 2 wells of each culture plate per sample. After reverse transcription, real-time RT-PCR was performed with a real-time PCR system using some reagents. Gene expression of ALP and a housekeeping gene (β-actin) were determined simultaneously for each sample in triplicates. Gene level in each sample was normalized to the measured housekeeping gene level. Results of cell proliferation and gene expression were statistically analyzed. The results were expressed as means ± SD. One way ANOVA (analysis of variance) with a post-hoc Scheffe's test was used to determine the statistical significance of differences among the results. P value less than 0.01 or 0.005 was considered significant.
Statistical Analyses
Results and Discussions
Cell Proliferation
Figures 2 and 3 show effects of frequency and acceleration amplitude of the mechanical vibration on cell proliferation respectively. The significant difference of cell density between the non-vibrating and vibrating groups is found after 7-day or 14-day cultivation. In the case of the acceleration amplitude of 0.5 G in Figure 2 , the cell density of the vibrating group at 25 Hz is significantly higher than that at 50 Hz after 7-day cultivation except for 14 and 21 days. In the case of the frequency of 25 Hz in Figure 3 , the significant difference between 0.25 and 0.5 G is not found after 14-day cultivation when the cell density almost saturates with a little up and down because the cell density might be too high for the cell activity to be satisfied with the nutrients from the medium. Although there is significant difference between 0.25 and 0.5 G on 4-day and 11-day cultivations, it may be necessary to confirm the reproducibility because the initial cell density might not be same between them. The cell density with the vibration of 0.5 G and 25 Hz is approximately twice as high as that without vibration on 25-day cultivation. Figure 4 shows microscopic pictures of MC3T3-E1 cells staining generated calcium salts with alizarin red S solution at 25 Hz at 21-day cultivations. Calcium salts were stained to be red dots. The stained areas in the vibrating groups are found at earlier cultivation, and larger in area and number than those in the non-vibrating. There is not so much difference of calcium salt generation between the acceleration amplitude of 0.25 and 0.5 G.
Bone Matrix Generation
ALP Gene Expression
Figures 5 and 6 show effects of frequency at 0.5 G and acceleration amplitude at 50 Hz on relative mRNA level of ALP respectively. In Figure 5 , a peak of the mRNA level seems to be at 50 Hz and the value of it is approximately 4.5 times as high as that of the non-vibrating group. In Figure 6 , the mRNA level shows tendency of increase as acceleration amplitude increases, and the mRNA level at 0.5 G is significantly larger than at 0, 0.125 or 0.25 G (p < 0.005). Figure 8 . Although the dynamics of cell structure under excitation have not been well understood yet, mechanical characteristics of a cell have been reported. Stiffness of a bundle of actin filaments was measured using a tensile test (14) .
Relationship between Structure and Response of a Cell
Stiffness and damping of whole cell were measured using a creep test (15) .
A structural system generally has natural frequencies in the view of mechanical vibrations. When a structure is excited in its natural frequencies, deformation amplitude of a structure is much higher than that in the range out of natural frequencies globally or locally. Natural frequencies of a structure are determined by stiffness, damping and mass of elements inside a structure. When a cell is excited at natural frequencies of whole cell or local element such as a mechanosensor, which is a sensor of mechanical stimulation for biochemical response in a cell and considered to be composed of some specific proteins, the mechanical stimulation may be more effective on cell activity such as cell proliferation and bone matrix generation.
Structural systems generally have nonlinear mechanical properties, too. A bundle of actin filaments is deformed as external force increases and then the deformation reaches a saturation value (14) . It suggests that there may be a certain range of mechanical sensitivity of a cell. From the viewpoint of mechanical vibrations, the peak of ALP gene expression to frequency in Figure 5 seems to be caused by a natural frequency of the cell. As well as 
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frequency, the tendency of ALP gene expression to acceleration amplitude in Figure 6 may be related to structure of the cell. In order to clarify the mechanism of effects of mechanical stimulation to cells such as osteoblasts, it is important to understand the relationship between mechanical input with amplitude and frequency and biochemical output of cell proliferation and cell matrix generation as shown in this paper. Next, a model of mechanical output such as strain of cells to the mechanical input needs to be obtained. And then the mechanical output should be compared to the biochemical output.
Conclusions
In this study, sinusoidal inertia force was applied to cultured osteoblasts and effects of frequency and acceleration amplitude of mechanical vibration on the cells were investigated. The results to be obtained are as follows. The significant difference of cell density and bone mass generation between the non-vibrating and vibrating groups is found. ALP gene expression shows a peak to frequency at 50 Hz and the value of it is approximately 4.5 times as high as that of the non-vibrating group in the case of the acceleration amplitude of 0.5 G. ALP gene expression at 0.5 G is significantly larger than at 0, 0.125 or 0.25 G in the case of the frequency of 50 Hz. 
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